Abstract. Lung cancer was the most commonly diagnosed cancer in 2008 worldwide. The level of fibulin-3 expression was found to be decreased in many cancer types due to aberrant promoter methylation and is correlated with poor survival of patients. However, the role of fibulin-3 and which form of fibulin-3 is expressed in lung cancer cells remain unclear. Therefore, pathologic and functional studies were carried out to determine the role of fibulin-3 in suppressing lung cancer both in vivo and in vitro. In the present study, we found that the levels of fibulin-3 mRNA and protein were lower in cancer tissues than in normal tissues. Downregulation of fibulin-3 mRNA in tumor tissues was associated with an increase in fibulin-3 promoter methylation. Circulating fibulin-3 was significantly associated with tumor progression, survival rate of lung cancer patients, and the number of circulating tumor cells (CTCs). To examine the effects of exogenous expression of fibulin-3 in vitro, lung cancer A549 cells were transfected with the pEGFP-C1-fibulin-3 expression vector. Relative to the untreated cells, fibulin-3-expressing cells exhibited lower proliferation and mobility as determined by MTT and Transwell assays, respectively. To conclude, our results suggest that fibulin-3 negatively modulates the invasiveness of lung cancer cells via regulation of p38-MAPK and MMP-2/9.
Introduction
Lung cancer was the most commonly diagnosed cancer as well as the leading cause of cancer-related mortality in males in 2008 worldwide (1) . Similar to other cancers, lung cancer is thought to be caused by the deregulation of normal gene expression (2) .
Fibulins are widely distributed and are localized at basal membranes mediating cell-to-cell and cell-to-matrix communication. They are characterized by repeated epidermal growth factor (EGF)-like domains and a unique C-terminal structure (3, 4) . The relationship of the fibulin gene family members and many types of cancer has been reported (5-7). The fibulin-3 gene, also known as EFEMP1 (epidermal growth factorcontaining fibulin-like extracellular matrix protein 1) located at chromosome 2p16, is one of the 7 members of the fibulin gene family of extracellular glycoproteins (8) . The level of fibulin-3 expression was found to be decreased in many cancer types due to aberrant promoter methylation and is correlated with poor survival of patients with breast cancer (9) lung cancer (10) and hepatocellular carcinoma (11) . Lecka-Czernik et al (12) predicted that this protein has 2 possible isoforms, a ̔longʼ form of 53 to 55 kDa, with an NH2-terminal Ca 2+ -binding epidermal growth factor-like repeat, and a ̔shortʼ form of 40 to 43 kDa without this domain. However, which form of fibulin-3 is expressed in lung cancer cells remains unclear.
Pathologic and functional studies were carried out to determine the role of fibulin-3 in suppressing lung cancer both in vivo and in vitro. Further elucidation of the functions of fibulin-3 may lead to a better understanding of the pathogenesis of lung cancer. Fibulin-3 is a potential molecular marker for lung cancer.
Patients and methods
Cell culture. The A549 cell line was obtained from ATCC (Rockville, MD, USA). Cells were maintained at 37˚C in a 5% CO 2 incubator in RPMI-1640 medium (Sigma-Aldrich, Carlsbad, CA, USA) containing 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin-streptomycin.
Subjects. This study was approved by China Medical University Ethics Committee and was conducted according to regulations of the Helsinki Declaration. All patients provided written informed consent to participate in the present study. Fifty-six patients who were diagnosed with primary non-small cell lung cancer (NSCLC) at the Department of Thoracic Surgery, The First Affiliated Hospital of China Medical University from January 2006 to December 2010 were included in the present study. Twenty-eight patients had stage IIIB NSCLC (locally advanced) and 28 patients had stage IV NSCLC (metastatic) according to the International Association for the Study of Lung Cancer (IASLC) staging committee (13) . All diagnoses were based on standard laboratory tests (cytology and histology), and confirmed by computerized tomography of the thorax. None of the patients underwent radiotherapy or chemotherapy prior to surgery. 
Role of fibulin-3 in lung cancer

Methylation-specific PCR (MSP).
Genomic DNA was extracted from lung cancer specimens using a TissueGen DNA kit (CWbiotech, Beijing, China). Genomic DNA (2 µg) was denatured with 0.2 M NaOH. Then, 10 mM hydroquinone and 3 M sodium-bisulfite (both from Sigma) were added. The solution was incubated at 55˚C for 16 h. DNA samples were then purified using a Wizard ® DNA Purification Resin (Promega Corporation, Madison, WI, USA). In this procedure unmethylated (but not methylated) cytosines are converted to uracil, which is then converted to thymidine during subsequent PCR to give sequence differences between methylated and unmethylated DNA. The modified DNA was used as a template both for MSP and USP. The primer sequences for the methylated fibulin-3 gene were: 5'-GTAGTTTTAGGGGATCGTCGC-3' (sense) and 5'-TCCCCGACACGCTACCTTCG-3' (antisense); and for the unmethylated allele were: 5'-GAGTAGTTTTAGG GGATTGTTGT-3' (sense) and 5'-TCCCCAACACACTACCT TCA-3' (antisense). The PCR products were separated on 2% agarose gel with ethidium bromide and visualized under UV illumination.
Western blot analysis. The tissues or cells were lysed in lysis buffer (20 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100) containing a protease inhibitor cocktail (Sigma). The extracted protein amounts were quantified using the BCA protein assay kit (CWbiotech). Equivalent amounts of protein (40 µg) were separated using 10% SDS-PAGE and transferred to a PVDF membrane (Millipore, Billerica, MA, USA). Western blotting was performed using the following primary antibodies: fibulin-3 (sc-365224), MMP-2 (sc-8835), MMP-9 (sc-12759), phospho-JNK (sc-12882), p38 (sc-7149), phospho-p38 (sc-166182), ERK 1/2 (sc-135900), phospho-ERK 1/2 (sc-16982) and β-actin (sc-130657) (all from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). The binding for each specific antibody was detected with horseradish peroxidase (HRP)-conjugated respective secondary antibodies and ECL solutions (both from Amersham Biosciences, Amersham, UK).
Immunohistochemical staining. Tissues were fixed with 10% buffered formalin, embedded in paraffin, and decalcified in 10% EDTA solution. Representative blocks were then cut into 4-µm sections, deparaffinized with xylene and rehydrated in a series of ethanol washes (100, 90, 80 and 70%). The sections were then incubated with 3% H 2 O 2 and 5% serum to block endogenous peroxidase activity and non-specific binding. For the fibulin-3 protein, sections were incubated with the antihuman fibulin-3 antibody. The sections were then incubated with biotinylated secondary antibodies and visualized by DAB. Counterstaining was carried out with hematoxylin. The sections were dehydrated in alcohol and coverslipped. For the negative controls, PBS replaced the primary antibody.
Enzyme-linked immunosorbent assay. Levels of fibulin-3 were measured in peripheral blood of the patients with NSCLC and quantified in nanograms/milliliter with the use of the human fibulin-3 enzyme-linked immunosorbent assay (Uscn Life Science Inc., Wuhan, China).
Isolation and enumeration of circulating tumor cells (CTCs).
Blood samples (7.5 ml) from the patients with NSCLC were drawn into CellSave ® tubes (Veridex LLC, Warren, NJ, USA), which were maintained at room temperature (RT) and processed within 72 h of collection. CTCs were defined as nucleated EpCAM-positive cells, lacking CD45 but expressing cytoplasmic cytokeratins 8, 18 and 19. All CTC evaluations were performed by qualified and trained personnel.
Transient transfection. The plasmid pEGFP-C1-fibulin-3 (gifted by Li Yin, China Medical University) was transfected into A549 cells by Lipofectamine™ 2000 (Invitrogen Life
Technologies) according to the manufacturer's protocol. Twenty four hours post-transfection, drug-resistant clones were isolated and expanded. A549 cells transfected with pEGFP-C1 were used as a control. All gene expression studies were conducted using pools of colonies (n=150) to avoid a clonal bias.
Immunofluorescence. Cells were washed with PBS, fixed in 4% paraformaldehyde, permeabilized in 1% Triton X-100 for 5 min, and blocked with 5% bovine serum albumin (BSA) in PBS containing 0.5% Triton X-100 for 1 h. Fibulin-3 expression was detected using the anti-fibulin-3 antibody for 1 h at room temperature. Cells were washed with PBS and incubated with the appropriate secondary fluorophore-conjugated antibody for 1 h at RT, washed with PBS, and mounted using SlowFade M T T assay. Cells were plated in 96 -well plates (1,500 cells/well). After 24 h, 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma) was added to each well. Four hours later, cells were lysed with dimethyl sulfoxide (DMSO), and the absorbance rates were measured at 550-560 nm using a microplate reader (Bio-Rad, Hercules, CA, USA).
In vitro wound healing assay. Cells were grown in a 6-well dish. A confluent monolayer of cells was scratched with a 200-µl pipette tip to simulate a wound. Cells were washed twice with PBS and then supplemented with medium and incubated for 4 h at 37˚C. Cell migration into the wounded area was monitored microscopically. Images were captured at the interface of the unwounded and wounded areas.
Transwell migration assay. Cells were plated at 2x10 5 cells/well in 0.5 ml of serum-free medium in 24-well Matrigel-coated Transwell units with polycarbonate filters (8-µm pore size, Costar Inc., Milpitas, CA, USA). The lower chamber was loaded with 600 µl of RPMI-1640 containing 10% FBS. After incubation for 24 h in normal culture conditions, we did not see any cells floating in the upper chamber, indicating that the cells had not undergone apoptosis at this time-point. The top surface of the membrane was gently scrubbed with a cotton bud and fixed in 4% paraformaldehyde (Sigma) and stained with crystal violet. The cells that had invaded through the membrane filters were counted using a light microscope. Ten microscopic fields (x400) were randomly selected to count the cells.
Statistical analysis.
All experiments were performed in triplicate, and the results are expressed as the means ± standard deviation (SD). Kaplan-Meier survival plots were generated and comparisons were made with log-rank statistics. P-values <0.05 were considered to indicate statistically significant results. All the statistical analyses and graphics were performed with GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, CA, USA).
Results
Detection of fibulin-3 mRNA and protein levels in lung tissue samples. Real-time PCR and western blot assays were The levels of fibulin-3 mRNA were measured in specimens using real-time PCR. GAPDH was used as an internal control. (C) Immunohistochemical staining for fibulin-3 protein in the specimens. The nuclei were counterstained with hematoxylin. (D) Methylation-specific PCR (MSP) analysis of CpG island methylation within the fibulin-3 promoter region in the specimens. PCR products specific for unmethylated (U) and methylated (M) sites. CpG sites were analyzed using electrophoretic separation on a 2% agarose gel. N, normal; C, cancer; NC, negative control.
performed to detect the levels of fibulin-3 mRNA and protein.
As shown in Fig. 1A and B, the levels of fibulin-3 mRNA and protein were low in the low-stage NSCLC (IIIB) tissues and undetectable in the advanced stage (IV) tissues (P<0.05). Immunohistochemistry was then performed on 56 NSCLC tissue samples and the corresponding non-tumor tissue samples. Representative examples of fibulin-3 protein expression in NSCLC tissue samples showed that fibulin-3 protein was weakly expressed in the lung cancer specimens, but was highly expressed in the normal areas of the specimens (Fig. 1C) . A correlation was noted between fibulin-3 promoter methylation and downregulation of fibulin-3 mRNA levels in the tumor samples. Methylated tumor lung tissue samples showed loss of fibulin-3 mRNA (Fig. 1D) . Taken together, the loss of fibulin-3 gene expression in NSCLC may be correlated with the methylation of the fibulin-3 gene promoter.
Correlation of fibulin-3 serum levels and CTCs. A statistically significant difference was observed between circulating fibulin-3 levels in the low stage NSCLC (IIIB) patients and the Fig. 2A ). In the present study, we isolated and enumerated the CTCs in patients using the CellSearch ® system (Fig. 2B) . Less CTCs were noted in the peripheral blood of patients with low stage NSCLC (IIIB) when compared with the patients with advanced stage NSCLC (IV) (P<0.05, Fig. 2C ). The plasma levels of fibulin-3 and the number of CTCs were significantly negatively correlated between stage IIIB and IV NSCLC patients (r=-0.585, P<0.05, Fig. 2D or r=-0.933, P<0.05, Fig. 2E ), respectively.
Fibulin-3 and clinicopathological variables.
We analyzed the potential relationship between the expression of fibulin-3 and the clinicopathological characteristics of the NSCLC patients. Fibulin-3 expression was not associated with any of the clinicopathological characteristics of the patients with stage IIIB or IV NSCLC (Table I ). However, the serum level of fibulin-3 was associated with lymphatic invasion (P<0.05, Table II) . To investigate the correlation of serum level of fibulin-3 with patient survival, the survival data from 50 patients with NSCLC (6 missing at follow-up) were assessed. In patients with stage IIIB and IV NSCLC, comparison by the Kaplan-Meier method according to low vs. high fibulin-3 expression showed a significant difference in the 5-year survival rate (P<0.05, Fig. 3A-C) . The patients with <5 CTCs showed a higher survival rate when compared with the patients with 5-10 CTCs or with >10 CTCs. A significantly different survival rate was confirmed between the patients with 5-10 CTCs and the patients with >10 CTCs in the Cox model (P<0.05, Fig. 3D ).
Effect of fibulin-3 expression on the proliferation and migratory capacity in A549 cells. A549 cells were transfected with the pEGFP-C1-fibulin-3 expression vector, and the levels of fibulin-3 protein and mRNA were measured by western blotting, RT-PCR and immunofluorescence. As shown in Fig. 4A , the results of RT-PCR and western blot analysis confirmed exogenous expression of fibulin-3 in A549 cells after Table I . Correlation between fibulin-3 expression and clinicopathological parameters of the patients with stage IIIB and IV NSCLC. transfection. Immunofluorescence analysis showed the localization of GFP and fibulin-3 in the fibulin-3-expressing A549 cells (Fig. 4C) .We observed that the long form of fibulin-3 was largely secreted into the culture medium, whereas the short form was expressed at lower levels, accumulated in the total cell lysate, and was virtually absent from the culture medium (Fig. 4B) . We next assessed the effect of fibulin-3 expression on the growth of A549 cells. The growth curves obtained by MTT assays demonstrated that fibulin-3 inhibited the growth of A549 cells (P<0.05, Fig. 5A ). Next, the mobility of fibulin-3-expressing A549 cells was determined using wound-healing and Transwell assays. As shown in Fig. 5B , the percentage of wound closure of A549 cells (16.7%) was decreased when compared to the untreated (100.0%) and mock transfected (100.0%) cells (P<0.05). Overexpression of the fibulin-3 gene significantly inhibited the invasion of A549 cells into the Matrigel as detected using Transwell assay (P<0.05, Fig. 5C ). Furthermore, the activities of MMP-2 and -9 were significantly decreased in cells transfected with pEGFP-C1-fibulin-3 when compared to the untreated cells (Fig. 4A ).
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Fibulin-3 suppresses the p38/MAPK signaling pathway.
To identify the mechanism of fibulin-3, western blot assays were performed to detect changes in possible signaling pathway proteins. Expression of MMP-2 and -9 was downregulated in fibulin-3-expressing A549 cells. While total levels of p38 and ERK1/2 showed no changes, the levels of phospho-p38 and phospho-ERK1/2 were observed to be significantly higher in the fibulin-3-positive cells when compared to that in negative cells (Fig. 6) . Notably, phospho-JNK was also increased in the fibulin-3-positive cells (Fig. 6 ). In combination, these results suggest that fibulin-3 inhibited the mobility of A549 cells via the p38 and ERK 1/2 proteins.
Discussion
Fibulin-3 has been found to be downregulated in several types of solid tumors (14) but surprisingly, is the most upregulated member of the fibulin family in malignant gliomas (15) . Fibulin-3 is also upregulated in aggressive pancreatic adenocarcinoma, resulting in enhanced in vivo orthotopic and metastatic tumor growth (16) . Consistent with previous studies on lung cancer (17, 18) , downregulation of fibulin-3 expression was observed in the present study. These results suggest that fibulin-3 has dual functions as a positive and negative regulator of cancer cell growth depending on cell type. Wang et al (17) found that the frequency of methylation of the fibulin-3 gene promoter was significantly higher in NSCLC tissue samples than the frequency in the corresponding non-tumor tissue samples. Nomoto et al (11) found that the fibulin-3 gene was decreased in hepatocellular carcinoma (HCC) tumor tissue, and 24 of 48 HCC samples showed promoter hypermethylation, in the 24 methylated cases. In the study of Tong et al (19) , the fibulin-3 gene showed a higher methylation frequency in colorectal cancer (CRC) specimens while rare in non-cancer colorectal tissues, and its promoter methylation state was specifically associated with weak or absent expression of fibulin-3 protein.
In the present study, we also confirmed that downregulation of fibulin-3 was caused by promoter hypermethylation. Notably, we did not find any association between fibulin-3 expression and the clinicopathological characteristics of the patients with stage IIB or IV NSCLC. However, in previous studies, downregulation of fibulin-3 was associated with advanced stage and lymph node metastasis in lung cancer (17) and CRC (19) . We did find that circulating fibulin-3 was associated with lymph node metastasis. The discrepancy may be attributable to differences in the tumor entities examined and in the microenvironment of the different experimental settings. NSCLC, non-small cell lung cancer. Circulating tumor cells (CTCs) captured from peripheral blood were recently used as a predictor for disease outcome and therapy response in cancer patients (20) . Cytokeratinexpressing cells can be found in peripheral blood of advanced cancer patients but are rare in healthy donors (21) . In the present study, we used the CellSearch ® system which is the only US Food and Drug Administration authorized test for CTC enumeration in clinical practice to isolate CTCs (22) . We found that fibulin-3 expression decreased the number of CTCs. The results indicate that upregulated expression of fibulin-3 can be used as a therapeutic strategy for NSCLC. In addition, levels of fibulin-3 in plasma and effusions may aid in determining the diagnosis and prognosis of pleural mesothelioma (23) . Our results were lacking healthy controls, thus we could not conclude that fibulin-3 is a marker for lung cancer. However, we confirmed that fibulin-3 may be used to indicate the progression of lung cancer. Circulating fibulin-3 level was correlated with favorable survival in total, stage IIIB and IV NSCLC patients. Previous studies also showed that reduced fibulin-3 expression was associated with worse prognosis of breast cancer (9), lung cancer (10) and hepatocellular carcinoma (11) .
Both in our previous study (10) and the present study, fibulin-3 expression was revealed to be associated with the regulation of tumor cell growth and invasiveness in A549 cells by suppressing the expression of MMP-9 and -2. Furthermore, the mechanism of fibulin-3 was identified by using western blotting. The positive regulation of phosphop38, phospho-ERK1/2 and phospho-JNK by fibulin-3 was shown in the present study. p38-MAPK was previously shown to regulate invasion by modulation of MMP-2/-9 mRNA levels and zymographic activity in bladder cancer model (24) . p38-MAPK also modulated the inhibition of migration in 17β-estradiol-treated human colon cancer cells by inhibition of MMP-2-/9 expression (25) . Similar to the present study, fibulin-3 inhibited invasion by upregulating p38-MAPK phosphorylation and downregulating the MMP-2/-9 protein expression in A549 cells.
Taken together, fibulin-3 downregulation is a common abnormality in lung cancer tissue and its expression is regulated by hypermethylation of the promoter region. Circulating fibulin-3 may play a role in tumor progression and the survival rate of patients with NSCLC. Our results suggest that fibulin-3 negatively modulates the invasiveness of lung cancer cells via regulation of p38-MAPK and MMP-2/9. In particular, fibulin-3 negatively controls the number of CTCs. These facts imply the diagnostic and therapeutic potential of fibulin-3 for NSCLC. Further research is needed prior to its clinical applications.
